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1. Introduction

The goal of this report is to present a broad overview of morphing airframe
technologies and investigate how they have or could be incorporated into precision
guided projectiles. Morphing is defined in this report as a controlled shape change
of an existing continuous structure. While an argument could be made that simple
deployable control surfaces such as those investigated in Fresconi et al.! could fit
this definition, such simplistic, well-understood systems have been excluded from
this analysis because the control surface itself is not morphing; rather, it is merely
being deployed from a stowed state. This report considers morphing technologies
for active projectile control as well as gradual deformations that enhance flight
performance.

Projectiles present several challenges for designers. First, projectiles are typically
gun-launched systems; therefore, all hardware must survive the extreme in-bore
environment to accomplish the objective. Launch accelerations typically range
from 7000 to 100,000 g’s (Fig. 1). Second, projectiles must conform to cylindrical
initial body conditions imposed by the barrel, which pose significant packaging
challenges and drastically limit the size of traditional wings and control surfaces.
Third, projectiles are much, much smaller than commercial aircraft where the bulk
of morphing technology research is geared. Fourth, projectiles, unlike missiles,
typically do not have any means of onboard propulsion. All energy available for
maneuvering is stored and released at gun launch. This places significant emphasis
on the control actuation system to utilize that energy in the most efficient manner.
Some projectiles incorporate an onboard rocket motor; however, this motor is
usually ignited by the gun gases and burns out prior to the deployment of any
control surfaces at apogee. Much of the material presented can be applied to other
munition systems such as rockets, missiles, and bombs; however, not all the
constraints listed necessarily apply.
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Fig.1  Velocity, time of flight, and peak acceleration for several classes of projectiles
compared with missiles

Projectiles also present several advantages to the designer, the first of which is that
projectiles are single-use systems, which drastically reduces the reliability and
repeatability constraints that apply to commercial aircraft. Projectiles also have a
much shorter flight time than most air vehicles, typically on the order of seconds to
minutes (Fig. 1). Therefore, actuators with limited cycle life or hysteresis that have
been invalidated for use in commercial aircraft, which are expected to last decades
(a 6-8 order of magnitude difference), can be incorporated into projectiles.

The morphing technologies presented can offer several advantages to projectiles,
including maneuverability, range extension, omnisonic performance, and stealth.
Maneuverability has already been identified as a crucial research area for projectiles
to engage moving targets and avoid counter rocket, artillery, and mortar (CRAM)
systems. Several of the morphing airframe technologies discussed herein could
significantly reduce the radar cross section by using RF-transparent materials,
which can help future projectiles avoid CRAM interceptors in contested airspace
as well as enhance the effectiveness of friendly CRAM interceptors by not
triggering a maneuvering response from an evasive target. Projectiles are also
unique because they do not have a fixed cruise velocity and can transition several
Mach regimes. An example, shown in Fig. 2, shows a single 155-mm projectile
launched at five different charges zones, wherein Zone 1 remains entirely subsonic
while Zone 5 goes from supersonic to transonic to subsonic, then back to the

Approved for public release; distribution is unlimited.
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transonic Mach regime. Morphing concepts are thus more applicable to omnisonic
projectiles than other munitions that operate within a single Mach regime.

155mm at 70° QE

Fone 1
fane 2
fane 3
- Zone 4
fone 5

Mach Number

1 1 ]
0 20 40 &0 a0 100 120
Time (s)

Fig.2  Mach vs. time for 155-mm artillery at five charge zones using modular artillery
charge system

All possible morphing modes have been investigated. These include translational
morphing modes such as spanwise morphing, chordwise morphing, and airfoil
profile morphing as well as rotational modes like wing sweep, an/dihedral
morphing, and camber morphing. Wing twist has also been investigated but is
essentially differential camber morphing and is analyzed as such. Each morphing
mode has its own deflection, force, and bandwidth requirements depending on how
they are implemented.

An/dihedral morphing is the least applicable to projectiles of all potential morphing
modes. While spanwise bending can be used to increase stability or to a small extent
roll control, this can be accomplished better through other means. An/dihedral
morphing is most applicable for active aeroelastic control or for conformal wing
storage in the context of projectiles.

Camber morphing is the primary morphing mode for increasing maneuverability of
projectiles. Since this is used for active control, the actuator bandwidth
requirements are higher. Fresconi et al. identified 10 Hz as a suitable bandwidth for
projectile guidance.?

Airfoil profile morphing is essential for optimizing omnisonic projectile
performance undergoing trajectories similar to those in Fig. 2. Figure 3 shows a
comparison of a supersonic double wedge airfoil, a transonic National Advisory
Committee for Aeronautics (NACA) 0012, and a subsonic NACA 2414. The aft
50% chord is relatively similar for all profiles, while the first 50% chord has the
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greatest variance particularly between supersonic and transonic profiles. Actuation
schemes to achieve such changes require a relatively low deflection, as shown in
Fig. 3, low bandwidth because these changes occur on the order of seconds to
minutes (Fig. 2), and moderate load requirements to maintain airfoil shape
subjected to supersonic pressures.

Nomalized Airfoil Comparison
20_""""'5 .......... A S T

i ; : Double Wedge
; : : ; : : D ——MACA D12
......... e e NACA 2412

Fig.3  Supersonic, transonic, and subsonic airfoil comparisons

Spanwise morphing is useful, as high-aspect-ratio wings have a higher lift-to-drag
ratio (L/D)* but can also introduce unwanted aeroelastic phenomena. Since
aeroelasticity and wing load are proportional to velocity, span can increase to a
certain degree as the projectile decelerates without adverse effects. Spanwise
morphing requires large deflections, low bandwidth, and low force.

Chordwise morphing can be useful for increasing wing area similarly to spanwise
morphing, which in turn increases the forces generated. Chordwise morphing
lowers the aspect ratio, which can increase the angle of attack (AoA) at stall, but
also decreases L/D. The requirements for chordwise morphing are similar to
spanwise morphing but with lower deflection requirements.

Changes in sweep are especially useful for omnisonic projectiles, as swept-back
wings are more efficient supersonically. The required angle change is typically
around 90° from the stowed state, and any actuator must be strong enough to
overcome the airfoil drag. The bandwidth requirement is low for omnisonic
applications; however, differential wing sweep might be useful for active control.
This would drastically increase the bandwidth and to a lesser extent force and
deflection.

The morphing airframe technologies described herein have the potential to bring
missile-like performance to projectiles as well as substantial improvements over
their baseline ballistic counterparts. Technologies investigated in the following
sections include smart materials such as shape memory alloy, piezoelectric
actuators, macro-fiber composites (MFCs), active polymers, morphology-
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dependent structures such as compliant structures, periodic cellular structures,
bistable composites, and fluid-driven actuators such as inflatable structures,
pressurized artificial muscles, and soft actuators as well as their hybrids.

2. Shape Memory Alloys

Shape memory alloys (SMAs) are a class of metallic materials that exhibit two
stable crystalline forms and can alternate between them at specific temperatures
and/or strains. The parent or austenite phase has a body-center cubic structure
compared with the martensite phase, which has a face-centered cubic crystalline
structure.* Martensite can exist in two distinct forms, twinned and detwinned. Stress
applied above a specific threshold causes twinned martensite to deform in shear
into detwinned martensite, which persists after unloading.® It can then return to its
original geometry by adding heat even under inelastic deformations as high as 8%
for some nickel-titanium alloys.® These alloys, first manufactured by the US Naval
Ordinance Laboratory in 1962,” are the most common SMA materials used for
actuation and have since been commercialized under the trade names Nitinol® and
Flexinol® and are available in wires, sheets, strips, films, and tubes.

There are two distinct macroscopic effects associated with SMA materials: the
shape memory effect and the pseudo-elastic effect. The pseudo-elastic effect
describes the phenomenon where SMA materials transitions from the austenite
phase to the detwinned martensite phase without going through the twinned
martensite phase. Since this only occurs at temperatures higher than the austenite
transition temperature, the material begins to revert to the austenite phase
immediately upon the removal of stress.* This effect has limited application for
morphing projectiles because the strain is not stable at these temperatures.

At lower temperatures, the shape memory effect becomes the dominant
phenomenon and has two modes: one-way and two-way shape memory effects.
These differ only by the number of stable configurations and manufacturing. The
one-way effect is simply an SMA that returns to its original shape through heating,
while the two-way effect has two stable configurations at different temperatures
created through extensive training. The two-way effect is usually achieved with
SMAs that exhibit lower mechanical properties resulting in lower-performing
actuators.*

Researchers supporting the Defense Advanced Research Projects Agency’s Smart
Wing program investigated SMA torque tubes for twist actuation. A 4-inch-long
1.125-inch-diameter tube with a 0.060-inch wall thickness was able to achieve 5°
of twist over the span and an impressive 3,200 inch-1b of torque and used the wing
box as the bias spring to return the torque tube to its martensite state.'® The high
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thermal mass limited the bandwidth to less than 0.2 Hz.!! Despite the success
during the first phase of the program, SMAs were abandoned for another actuation
method with higher deflection and bandwidth. SMAs torque tubes have also been
investigated as part of a hybrid system wherein the fore sections of a flap are
controlled by SMAs and the terminal section is controlled by an electric motor with
higher bandwidth.!> Others used an electromechanical clutch to control a set of

SMA torsional actuators for camber morphing, resulting in large deflections of
400 13

SMAs have been investigated for camber morphing using antagonistic pairs of
SMA actuators'41® as well as an elastomer/SMA adaptive skin.!” SMA wires were
also investigated for the Smart Wing program, resulting in control surface
deflections up to 7.5°.!%1% Other concepts use SMA sheets with bonded heating
elements to actuate interlocking vertebral rib sections, resulting in larger changes

in camber and twist (Fig. 4).2%?! Similar methods have used a bias spring instead
of another SMA actuator.?>?

Fig.4  Large camber change pre- and postactuation via an SMA actuator (Reprinted with
permission from Elzey et al.??)

SMA s have also been investigated for profile morphing to decrease boundary layer
separation and wave drag by using a shock-reducing bump on the upper wing
surface of transonic airfoils.!***?°> Wind tunnel experiments verified that a properly
configured bump can reduce the overall wing drag by up to 22%.%* Several
researchers have used cam and crank mechanisms attached to the upper airfoil
surface to amplify the deflection of SMAs.26% Dong et al.*® used SMA springs
attached to the upper and lower skin surface to achieve airfoil profile morphing.
These springs provide superior force and displacement compared with SMA wire
due to the added length of the coiled structure.*

Approved for public release; distribution is unlimited.
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While SMAs have very high force-to-weight ratios,’! they are limited by overall
deflection and bandwidth. The deflection limitation has been addressed in two key
ways: by sacrificing output force for mechanical amplification or by using longer
wires. Since SMA deflection is a recovered, mechanically induced strain, the longer
the material, the greater the deflection. Grant and Hayward took advantage of this
by weaving multiple SMA wires into a helical pattern to increase deflection,*? but
this increased the thermal mass therefore decreasing bandwidth. A commercial off-
the-shelf solution to the displacement problem exists in the form of Miga Motors,
which are a series of SMA wires stacked to amplify their output.>* By supplying
the Miga Motors with approximately 2.5 times the recommended power, bandwidth

increases from 1.3 to 2.5 Hz for up to 1.5 min before dropping back down.**

Bandwidth issues essentially invalidate noncooled SMAs for active projectile
control in all but the most limited of cases due to the high bandwidth requirements.
SMAs can still be used for morphing modes with lower bandwidth requirements
such as spanwise, chordwise, or profile morphing. The bandwidth relies on the
thermal mass and heat flux of the SMA actuator. SMAs can be actuated quickly
through resistive heating®>-*° or though heating elements,>” but take much longer to
cool via natural convection.® Several methods have been employed to improve
cooling, such as heat sinks,3**! forced-air convection,*** super-cooled gas,’’
semiconductor heat pumps,*’ and liquid immersion.***’ In general, ambient air
cooling can achieve bandwidths under 1 Hz, 4-6 Hz for forced air, and tens of hertz
for liquid immersion in typical wire configurations. Wellman et al. demonstrated
40-Hz actuation frequencies using a recirculating coolant bath near the minimum
austenite transition temperature.*’ Thin-film SMAs with low thermal mass have
been used as fuel injectors with response times under 1 ms by using the working
fluid for forced convective heat transfer.*® Higher bandwidths can be achieved in
micro-actuator applications with extremely low thermal mass without any active
cooling. Research has demonstrated 30-Hz bandwidths at 2% strain for a 2.5-pym
SMA film and 40-Hz bandwidth for smaller deflections.*’ Similar actuators have
achieved up to 100-Hz actuation frequencies*’ all the way up to 2 kHz for
submicron displacements.*

SMAs have potential for projectile shape morphing applications yet are limited by
overall deflection and bandwidth. The bandwidth limitations constrain SMAs for
active control to extremely small projectiles with lower deflection and force
constraints. Actively cooling SMAs would be problematic from a weight,
complexity, and shock survivability standpoint. Due to their lack of moving parts
and robust nature, SMAs, in general, should survive shock as long as the martensite
yield stress is not exceeded.

Approved for public release; distribution is unlimited.
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In hypersonic Mach regimes, high temperatures are generated by dissociation and
ionization of air. This heat could be used to passively actuate SMAs incorporated
into composites if properly insulated, but the transient response could introduce
unwanted disturbances. Maximum achievable bending in SMA composites has
been shown to be a function of SMA wire bond strength,’® so SMA sheets may be
a better choice. Such a control surface could deform continuously as the projectile
decelerates and generates less heat, and should perform well in shock due to a lack
of moving parts or electrical connections.

3. Piezoelectric Actuators

Piezoelectric actuators have been investigated for aircraft and munition morphing
applications since the late 1980s due to their high force, high bandwidth, low
weight, low part count, and ease of implementation and actuation.’!™> Such
actuators rely on the piezoelectric effect, which is a reversible, linear process where
an applied electrical field generates mechanical strain. This differs from the
electrostriction effect in that the material can both expand and contract due to the
piezoelectric crystal anisotropy, which allows it to retain its polarization in the
absence of an electric field.>* The strain generated is an order of magnitude lower
than SMAs, generally around 0.1%, but the bandwidth is several orders higher due
to electrical instead of thermal activation. Since strain is based on crystal expansion,
global strain is dependent on the overall length and output force is dependent on
cross-sectional area. Piezo material can be manufactured in sheets, stacks, or
directly incorporated into composites.

Piezo actuators have been used to create synthetic jets>>¢ and reciprocating tabs,’’

which alter the flow over flight bodies. While previous US Army Research
Laboratory (ARL) efforts have demonstrated the effectiveness of this technique on
projectiles,>®>° such flow control techniques are outside the scope of this report, as
they alter the flow without significant, if any, changes in the outer mold line.

Piezo actuators have successfully been incorporated into a variety of munitions.
Recently, Dynamic Structures and Materials, LLC, incorporated their piezo stack
actuators into a gun-launched projectile and successfully demonstrated
survivability under gun-launch accelerations as well as hardware-in-the-loop
integration. These actuators rely on a compliant external frame to amplify the strain
generated by the piezo stack.®® Others have demonstrated £10° fin deflections up
to 59 Hz during wind tunnel testing of a half-scale Mk 83 air-dropped munition
using very long (31.8-inch) antagonistic lead zirconate titanate (PZT) plates.®' A
similar concept was applied to a gimbaled nose on a supersonic munition, which
articulated the nose +0.12° and survived launch loads up to 17,700 g’s.
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Precompression of the PZT material was shown to have a substantial, positive effect
on gun-launch survivability.®? This concept was later applied to the Barrel-
Launched Adaptive Munition, where the actuator survived 9,300 g’s with no
deterioration in piezoceramic properties.®> Barrett et al. expanded upon previous
work® % and created a twisting missile fin using directionally attached
piezoelectric (DAP) actuators. These are piezo elements with a tailored bond area
to reduce the transverse stiffness while maintaining longitudinal stiffness.®” DAP
actuators generated up to +8.1° static pitch deflections with a corner frequency of
50 Hz.%® Later improvements used orthogonally oriented PZT sheets, and subsonic
wind tunnel experiments demonstrated tip deflections up to £11°.5%7

Active fiber composites, wherein piezoceramic actuators are incorporated into the
fiber layup of the aircraft’s skin, have been investigated, but they tend to lack
sufficient control authority.”!’? Single crystal fiber composites such as those
developed by Chiang et al.”> have been suggested as potential improvements, but
the actuation free strain is still below 1%, which limits its application especially
when constrained within a fiber composite.

Piezoelectric elements have been investigated for active vibration damping and flap
deflection on rotorcraft.”*7° Two-stage amplification techniques have been used to
amplify the stroke’*"> as well as a multilayer piezo-bender concept.”® The Boeing
SMART active flap rotor demonstrated, for the first time, piezoelectric flaps on a
full-scale MD 900 rotor in the wind tunnel at representative flight conditions

(80 m/s) albeit with limited flap deflections of +3°.7°

In the 1990s, NASA patented several methods of manufacturing piezoelectric
actuators with displacements several orders of magnitude greater than the pure
piezoceramic.?%-# Face International Corporation licensed and commercialized the
actuators under the trademark THUNDER (THin Layer UNimorph Ferroelectric
DrivER and Sensor).®* These actuators are sandwiched piezoceramic wafers in
between two electrically conductive substrates with differing thermal expansion
coefficients (typically aluminum or stainless steel). The resulting product is a
highly prestressed, curved piezoceramic composite that can achieve much higher
deflections.

Wind tunnel experiments investigated the potential of THUNDER actuators for
airfoil profile morphing. The actuator was attached to the upper surface of the
airfoil and covered with a flexible skin. While creep and hysteresis posed
challenges, both appear to be bounded and eventually settled into stable
displacement cycles.% Others investigated THUNDER actuators for camber
morphing, but in wind tunnel testing the THUNDER actuators were consistently
outperformed by traditional servo actuators.
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Another similar concept is Reduced And INternally Biased Oxide Wafer
(RAINBOW) actuators, which also use thermal mismatch to prestress a
piezoceramic. The difference is that RAINBOW actuators chemically reduce one
side of a lead-containing piezoceramic to create a metallic layer within the actuator
itself. Comparative studies have shown a 10%—-25% increase in free displacement
over THUNDER actuators.®” Fatigue-induced displacement degradation of
RAINBOW actuators under free displacement and loaded conditions has been
investigated, showing a minimal decrease in displacement. For the unloaded cases,
repoling the RAINBOW actuators restored the displacements to their initial values,
while the loaded cases showed some degraded performance after repoling.®®

Externally applied forces can also compress the piezo element to amplify its
deflection and decrease its stiffness. The closer this load is to the column buckling
load, the more electrical energy is converted to work.®® Such actuators are referred
to as postbuckled precompressed (PBP) actuators.””?! Unlike other techniques, the
preload is not limited to thermal mismatch and can yield 2—6 times more stroke
without compromising blocking force.”**

Vos et al.”® used PBP actuators for morphing wing tips, using the latex skin to apply
the preload, which more than doubled the achievable deflection, resulting in a
maximum deflection of 15.8°. Free-flight experiments demonstrated a 38%
increase in roll authority, 3.7 times greater control derivatives, 3.5% decrease in
weight, an order of magnitude increase in corner frequency and slop reduction,
reduced part count, and 99% less power consumed than with conventional servo
actuators.”® PBPs have also been incorporated into a 25-mm chord control surface,
shown in Fig. 5, resulting in unloaded pitch deflections of +£25° compared with
+2.6° using an uncompressed piezoceramic sheet. Wind tunnel experiments
demonstrated pitch control up to +22° at velocities up to 120 kt (62 m/s).”® The
scale, deflection, and bandwidth makes this design suitable for most medium- to
large-caliber projectiles assuming it can operate at projectile velocities and survive
gun launch.

assembled
PBP stabilator

PBP actuator core

Fig.5  Assembled control surface with and without aeroshell (Reprinted with permission
from Barrett et al.*%)
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The curvature of PBPs can introduce survivability issues due to tensile stress
sensitivity of piezoceramics. To counteract this, researchers have incorporated hard
stops into the actuator. One such technique incorporates a low-modulus convex
silicone spacer attached to the PBP element and a high-stiffness face sheet attached
to the end supports that carries some of the tensile load at high deflections®”® This
concept, called dynamic elastic axis shifting, has been incorporated into a 6-inch
transonic fin for a 250-1b-class weapon. Wind tunnel experiments demonstrated +7°
deflections up to 21 Hz at Mach 1.3 using 95% less power and substantially less
space than conventional actuators.”

Bistable piezoelectric actuators have been investigated and can have larger
displacements but cannot be controlled between stable configurations. A spring
between the actuator and one of the boundaries can greatly reduce the voltage
required for snap-through.!® At low values the piezo actuator further compresses
the spring without a transition, but at higher values the nonlinear dynamic
snap-through behavior became more apparent.'?!

4. Macro-Fiber Composites (MFCs)

MFCs are a subclass of piezo actuators consisting of piezoceramic rods sandwiched
between polyamide films embedded with interdigitated electrodes.!??> They were
invented by NASA in 1996 and Smart Material Corporation has offered production-
scale MFCs since 2002.!9 When voltage is applied, the composite expands, bents,
twists, or vibrates depending on the rod orientation and input signal. If no voltage
is applied, the MFC can function as a highly sensitive strain gauge or vibratory
energy harvester.!'® MFCs have increased in popularity for morphing applications
due to their flexibility, durability, high blocking force, low power, and ease of
implementing the thin-film actuator into various concepts. MFCs are limited by
their high voltage requirements, overall displacement, and hysteresis. The
maximum operating frequency according to the datasheet is 10 kHz for actuator
applications;'® however, amplitude is limited and attaching the MFC to a substrate
further limits displacement.!*

MFCs have been investigated for camber morphing. Pankonien and Inman
improved the overall deflection by 10.7% over a MFC hinged trailing edge by using
a compliant “flexure box”.! Unimorph and bimorph configurations have been
considered. The unimorph configuration uses one MFC for bending, whereas
bimorph configurations apply MFCs to the top and bottom of a deflecting surface.
While the bimorph configuration showed a 50% increase in stiffness, the unimorph
configuration has a much larger actuation range.!’*!%” The asymmetric voltage
limits (=500 and +1500 V) were shown to account for this behavior.!°® Pankonien’s
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variable camber wings showed a 34% increase in lift, 45% increase in rolling
moment, 87% increase in pitching moment, as well as a 22% reduction in drag at
off-design aerodynamic conditions.!® A hybrid concept using SMA wire in
conjunction with MFCs has been evaluated, resulting in a 45% increase in
maximum lift over the MFC-only configuration and 180% increase over the

SMA-only configuration (Fig. 6).!%61%
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Fig. 6  Morphing aileron showing SMA and MFC smart material actuators (Reprinted with
permission from Pakonien!%%)

Flight experiments with a radio controlled airplane, in which all the control surfaces
were replaced with bimorph MFC actuators, demonstrated the impact that severe
lag and hysteresis had on the dynamic stability.''® However, the airplane still flew,
albeit not as well as the more maneuverable unmodified plane.!!! Others
investigated the effects of various MFC support configurations on the trailing edge
of a ducted fan vehicle.!'>!!?

ILC Dover combined an inflatable wing with MFC actuators for trailing edge
morphing and “bump flattening” of the inflatable spars. They found that the MFC
actuators lacked the required force to overcome the inflation pressure needed to
flatten the bumps. However, the bimorph MFCs mounted on the trailing edge
achieved 3° of deflection.!!*

MFCs have also been used for airfoil profile morphing. Debiasi et al. mounted
MFCs to the upper wing surface, which deformed the surface up to 2.1% of the
chord.!'® Others investigated MFC-actuated bistable composite laminates for
creating a drag-reducing bump on the upper wing surface. While the resultant stable
shapes were predicted accurately, the MFC voltage required for snap-through
proved challenging.''® Schultz and Hyer improved on this by taking into account

the local stiffening and curvature changes around the MFC actuator.!!”

ARL has investigated MFCs as alternative actuators, but preliminary feasibility
studies in the wind tunnel resulted in time-dependent and hysteretic behavior as
well as low levels of deflection.!!® Further research showed that a thinner core with
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higher modulus was capable of achieving greater deflections without sacrificing
torque or stiffness.!!” Despite these improvements, pure MFC-based morphing
control surfaces for projectiles were abandoned due to their limited deflection. All
MFC applications found in the literature have only been evaluated at low subsonic
velocities, which are only applicable to the slowest projectiles (Fig. 1).

5. Active Polymers

This section covers shape memory polymers (SMPs) and dielectric elastomers
(DEs). SMPs are polymers that can recover from a thermally conditioned strain
though heating due to differences in Young’s modulus above or below a phase
transition temperature. For polyurethane-based SMPs, this occurs at the glass
transition temperature (Tg) and at the crystalline melting temperature for
trans-polyisoprene-based SMPs.'?° SMPs differ from SMAs in that they are lower
in cost, lightweight, easier to program, and can recover substantially more strain.
However, SMAs have much higher recovery stress, blocking force, and a higher
thermal conductivity and therefore bandwidth. SMPs thermal conductivity can be
improved by using SMP foams or incorporating conductive additives.'?! SMPs
have a much higher Young’s modulus below the phase transition temperature,
which could limit SMP projectile applications since higher stiffness is desired at
hotter, faster Mach numbers.

Cornerstone Research Group, Inc., commercialized Veriflex, an SMP capable of
100% strain recovery at a tailorable temperature between 80 and 130 °C.'?? As a
demonstration they made a Veriflex airfoil capable of deploying from a rolled
configuration, as shown in Fig. 7, and investigated it as a wing skin for a chordwise
morphing airfoil. The SMP’s ability to change modulus allows the wing skin to
rigidize. Heating was accomplished through embedded nichrome wires, but various
filler materials were also evaluated.'?! Wire spring heating elements have also been
used, which allow larger strains without delamination.!'?®> Toughness, tear strength,
and Young’s modulus of SMP airfoil skin have been enhanced by adding a 20%
volume fraction of elastic fibers.'** A morphing wing concept made entirely out of
SMP and SMP composites has been investigated, and the elastic steel reinforced
SMP composite deployed the fastest at a sluggish 5 s.!?° Others have demonstrated
sweep changes up to 25° using a carbon-fiber-reinforced SMP composite hinge
though full recovery took 8-10 min of heating,'*® which is longer than the vast
majority of projectile flight times.
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Fig.7  Veriflex airfoil deploying from rolled state (Reprinted with permission from Reed
et al.1?!)

Carbon-fiber-wound SMP composite tubes have been studied, demonstrating an
impressive modulus ratio of 79.'?” Later improvements imbedded SMP composite
tubes in a silicon matrix as fluidic muscles to create a variable stiffness morphing
skin. This hybrid concept used thermally regulated water to heat the tube, resulting
in modulus changes of 4230 MPa.!?

A self-deploying truss consisting of SMP foam spars between two bistable carbon
fiber tape springs used the SMP to increase the buckling resistance and as a locking
mechanism pre- and postdeployment. The tape springs provided the energy for
deployment, axial stiffness, stability, and reduced the storage space.'®

Temporal SMPs use covalent crosslinks for elastic energy storage and temporary
hydrogen bonds to regulate the programmable, sequential deployment. The
material is easily programmed by holding a deformed shape. The longer the shape
is held, the slower it takes to recover, typically on the order of seconds to minutes.'*°
Since most projectiles follow a well-known trajectory, temporal SMPs might be
used to augment other structures during each phase of flight, but long-term storage
could pose problems.

DEs exhibit large reversible elastic deformations in the presence of an electric
field.!*! They benefit from high energy density, short response time, high
electromechanical conversion efficiency, low weight, and flexibility, but are
limited by their low force and robustness. The larger electric field, the larger the
displacement, but these fields can approach the dielectric breakdown voltage
resulting in limited cycle life. DEs flatten and increase in area in the presence of an
electric field as a result of the Maxwell stress effect.!*?
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Barbu et al.'*? investigated the flow over a DE membrane without prestrain. Results
showed that step responses altered the camber of the membrane, which increased
lift and delayed stall. DE actuation was also able to cycle between attached and
unattached flow conditions.!?

Commercially available DEs are incredibly limited as actuators, but several
techniques have been developed to improve their capability, including polymer
blends that increase dielectric permittivity'** and prestraining the DE.!3%13
Ha et al. combined these techniques by preserving DE prestrain using a functional
additive, but this resulted in a stiffer elastomer that limited the electrically induced
strain.'*® High permittivity has been shown to decreases the actuation voltage, while
a higher shear modulus increases the voltage while reducing the likelihood of
snap-through instability.!>” Increases in temperature increase the critical electric

field and critical strain values, thereby delaying or eliminating instability.!3®

Force, displacement, and efficiency of DE can be improved by layering active
elements along with compliant electrodes. Several methods have been investigated
including stacked and helical configurations.!*>*!4* Carpi et al. created contractile
DE actuators by folding a planar DE/electrode sheet into a monolithic structure.'#!
These actuators increase in cross-sectional area as they contract. Bending actuators
of both 1 and 2 degrees of freedom have been made by combining two or four
actuators in antagonistic configurations.'*? Other bending actuators consists of two
layers with differing shear moduli, one of which is a dielectric elastomer. When
actuated, the DE expands while the opposing layer resists, causing the actuator to
bend, with maximum bending occurring when both layers have near-identical shear
moduli.'® In general, these actuators require a large amount of DE to achieve
modest forces and displacements, which limits their applicability to projectiles.

Several researchers have investigated DE for bistable actuators. DE-actuated
bistable trusses can decrease actuation time but are bulkier than other techniques
because of the truss and supporting framework.!3*!44145 Others have used DE as
the bistable element itself, yielding 10 times the volumetric energy density. This
improved reliability, as fewer DE layers are required, but reduced actuation speed
and required constant power to resist viscoelastic forces.!*¢ Keplinger et al. created
a balloon-like bistable DE actuator that increased in area up to 1692% after
electrically triggered snap-through instability released the stored mechanical
energy.'?’

The low blocking force of active polymers effectively invalidates SMPs and DEs
as actuators for projectiles. However, they still could prove useful to augment other
concepts as in the pressurized muscle example!?® or selectively change the stiffness

in individual regions of truss or cellular structures.
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5. Compliant Structures

Compliant structures are monolithic, truss-like structures that rely on elastic
deformation of their constituent elements to transmit motion and force. These
structures can provide several benefits, including reduced complexity, zero
backlash and wear, submicron accuracy, and embedded actuation.'*® These can be
easily and affordably built through direct'* or indirect additive manufacturing.'*°

The most mature compliant morphing wing found in the literature to date was
developed by FlexSys, Inc., under contract from NASA and the US Air Force
Research Laboratory (AFRL) (Fig. 8). Compliant, seamless flaps were
investigated, showing significant performance improvements, including 40%
increase in control authority, 75% increase in L/D at AoA, 15% increase in
endurance, 33% less actuation force, and 17% lower peak power during a max-g
pull-up maneuver, as well as improved flow attachment.!>!>? These early
successes led to a full-scale version of the compliant wing replacing traditional
flaps on a modified Gulfstream GIII, shown in Fig. 8.!3 After extensive ground-
based testing,!>*!%> multiple successful flight experiments were conducted.!*® The

flaps are capable of —-9° upward and +40° downward deflections as well as span-
157

wise twisting up to 30°/s.

Fig.8  Adaptive compliant trailing edge flap at 30° deflection during flight experiment
(Reprinted with permission from Herrera et al.'>%)

The primary challenge when designing compliant structures for morphing
applications is selecting the proper topology resulting in the desired motion. Since
the design space is poorly understood, global optimization methods such as genetic
algorithms have been implemented to determine the required compliant structure

necessary for a desired shape change,!*® including variable density,'® structural
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160 and modified ground structure methods using the eigenmodes

161-163

network methods,
of the stiffness matrix.

Compliant structures with piezoelectric beams,'®* SMAs,!> MFCs,'®® and cable-
actuated octahedral trusses'®” have been investigated. Wildschek et al.!®® created a
composite trailing edge with independent halves that could morph more than 35°
and, if actuated oppositely, provide air braking. Piezoelectricly driven oscillating
compliant structures have been used for active flow control'®® similar in function

and purpose to pulsed vortex generators.'”*"!73

Advances in multimaterial additive manufacturing have allowed for digital
materials with tailored mechanical properties within the same part.!’* This can
expand the applications of compliant structures that have traditionally relied on a
single material.

Compliant structures are very applicable to projectiles and should be considered for
morphing modes with low to moderate deflection requirements. While the
deflection of compliant structures is substantial, the reliance on elastic deformation
prevents them from achieving large deflections. The bandwidth and force are
regulated by the input actuator. The impressive camber morphing achieved by
FlexSys and their partners is directly applicable to projectiles if the compliant
structure is scaled down and driven with a higher bandwidth actuator. Opportunities
also exist in leading-edge morphing for improved omnisonic performance.

6. Periodic Cellular Structures

This section covers periodic cellular structures that are repeated, closed-cell
structures that exhibit higher global strains than the material properties allow due
to the topology of the unit cell. These structures can exceed 10 times more global
strain than the maximum strain of the virgin material without locally
yielding.!”>'"7 Such structures have shown auxetic and zero Poisson’s ratio (ZPR)
properties as well as snap-through and/or bistable behavior. Positive and negative
Poisson’s ratios, however, exhibit unwanted anticlastic and synclastic

17817 which can addressed by cutting slots to reduce stiffness!'®’
181

curvatures, as well

as changes in cell geometry, creating 2-D ZPR structures.

ZPR structures are attractive for morphing wings due to their low in-plane stiffness,
high strain capacity, and 1-D response. Out-of-plane stiffness can be controlled by
cell geometry and can carrying aerodynamic loads by providing skin support.!”’
These structures are typically actuated via tension or compression, but shear-
morphed cellular structures have also been investigated.'%?
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Spanwise morphing wings capable of doubling in length using ZPR cells and
near-zero Poisson’s ratio skin have been demonstrated with minimal out of plane
deflections.!®*!84 Chordwise morphing structures have been passively actuated by
rotor centrifugal force using a counterweight!’® or spring (spanwise and chordwise
morphing using ZPR structures are shown in Fig. 9)."®® Two independent,

antagonistic chordwise morphing structures can achieve camber morphing!® and,
if actuated simultaneously, chordwise morphing. Camber morphing of an auxetic

hexachiral airfoil has been investigated to passively change camber proportional to
187

188

free-stream velocity ®’ and has proven successful in wind tunnel experiments.

Fig.9  (top) 1-D spanwise morphing with a ZPR structure and (bottom) 1-D chordwise
morphing with a ZPR structure (Reprinted with permission from [top] Vocke et al.'® and
[bottom] Barbarino et al.!”%)

SMAs have also been incorporated into cellular structures to take advantage of their
large strain recovery potential'®*!%" as well as thermally activated morphing.'*!
Pressure-actuated cellular structures use inflatable inserts or sealed cell chambers
and have demonstrated high blocking force, large achievable strains, and
high-frequency actuation.'®>"'” Topology optimization has also been applied to
individual cells for morphing applications.'*®

Bistable cellular structures have also been investigated for tunable stiffness, high
strains, and energy absorption.!”®2°! The stress—strain curves can be tailored based

on the geometry of the unit cell resulting in monolithic, bistable, or snap-through

instabilities as well as incremental and programmable changes in stiffness.!?%-202203

The velocity of the shape transition wave for bistable elements is dependent on the

precompression and amplitude of the input force.?** Exotic cell geometries

205207 and arrays of variable holes**® have shown auxetic and

209

including polygons
hysteretic programmability.

Bandwidth and force of periodic cellular structures are governed by the input
actuator identical to compliant structures. The large deflections of these structures
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make them ideal for spanwise, chordwise, and camber morphing of projectile
surfaces. ZPR structures are particular interest because they allow the designer to
isolate morphing modes relative to one another.

6. Bistable Structures

Bistable structures have two stable states that can switch, given some energy input,
and require no energy to maintain a state. These structures are capable of large
deformations and high bandwidth resulting from internal material stresses.?'°

d211212 5nd

Camber morphing concepts using bistable plates have been investigate
wind tunnel experiments demonstrated 10° of morphing in under 50 ms.?!* Others
have noted the temperature dependency on bistable modes®'* with a complete loss

211 Prestressing select fibers in a composite during
215

of bistability possible.
manufacturing can achieve bistability without relying on thermal stresses.

Chordwise morphing?!! as well as a passively actuated dihedral morphing
winglet?'® have also been studied along with bistable twisting I-beams?!”*'® and
spars.’!® I-beams are attractive due to their high bending stiffness, low torsional
stiffness, and compliance. Wind tunnel experiments showed zero torsional stiffness
bistable I-beams could twist a wind turbine blade £5°.%

A variable-sweep wing box, shown in Fig. 10, consisted of two curved
interconnected bistable spars and could be tailored to snap based on their curvature
and asymmetric fiber layup.??! This technique might be applicable to omnisonic
projectiles where supersonic drag can be used to passively actuate wing sweep.

Fig. 10 'Wing box in swept state (Reprinted with permission from Mattioni et al.??!)
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MFC patches??*2** and SMA?%>22° wires have been used to trigger snap through in
bistable composites at frequencies up to 10 Hz. Arrieta et al. actuated MFC patches

t227

at the composite resonant frequency to reduce the force requiremen and

validated the concept in wind tunnel experiments.??®

Bistable composite shells that have a coiled cylindrical state and a curved
longitudinal state similar to a tape measure have also been investigated.??’ 3!
Murphey and Pellegrino investigated neutrally stable tape springs, which are stable
throughout the rolling/unrolling process, and investigated SMA and piezoelectric

actuators to deploy and retract.?*°

Dai et al. created multistable lattice structures from bistable laminates exhibiting
2N stable modes, highlighting the potential for semi-continuous morphing using
discrete bistable composites formed into a cellular structure.?*? Others showed that
multistable composites were possible within a single laminate by including local

233 1 234

reinforcement strips of fiber™> or meta

Bistable structures can be useful for projectiles where discrete changes are desired,
such as deployment of control surfaces or Mach regime tuning. However, the
discrete, abrupt, and uncontrolled transition of bistable structures limit their
implementation where a smooth transition is required. One of the best applications
of bistable structures could be deploying and locking surfaces at launch by using
the launch acceleration as the input energy. The structure could be tailored to the
gun launch acceleration because it is 1-2 orders of magnitude more than that
experienced during rough handling. This would allow deployable surfaces to
remain locked in both their deployed and stowed state without relying on springs,
which are prone to fatigue and creep during years of storage. Structures with a
coiled state are also of particular interest because of the cylindrical constraints
imposed by the barrel.

9. Inflatable Structures

Inflatable structures provide substantial benefits for aerial vehicles, such as reduced
volume, weight, cost, and ease of use. Inflatable structures and wings have been
investigated since the 1930s,%* with the first successful vehicle flown in 1959.2%

Several gun-launched vehicles have incorporated inflatable structures, one of
which, shown in Fig. 11 on a FASM/QuickLook unmanned aerial vehicle (UAV),
had inflatable wings and stabilizers that deployed near apogee while the vehicle
was traveling at 113 ft/s (34 m/s).?’’ Inflatable stabilization fins were also
investigated for 250- and 500-1b bomb applications up to Mach 1.2 with inflation

occurring in under 150 ms at 200 psi.?®
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Fig. 11 FASM/QuickLook UAV ground testing of inflatable structures (Reprinted with
permission from Smith et al.?*")

The main drawbacks with inflatable wings is their load carrying capacity because
they rely on the tension in the walls of the structure. As loading increases, the wings
begin to wrinkle, then buckle, but can recover once the loading decreases.?** Other
drawbacks include gas leakage and aeroelasticity. The degree to which this
behavior influences flight performance depends on the internal pressure, dynamic
pressure, and wing geometry.?* Rendall et al. concluded that aeroelastic
phenomenon is dominated by vortex shedding and flow-induced vibration at higher
airspeeds and AoA.**

To address these drawbacks, researchers have investigated methods for improving
the stiffness of inflatable structures without compromising packing efficiency.
Increasing the inflation pressure will increase the stiffness, but this can exacerbate
leaks and increase reliance on inflation gas. Others have used compliant foam fillers
to increase the stiffness,>*! but resin curing methods such as UV and reactive
inflation gas rigidization remain the most promising. Once this resin is cured, the
wings no longer require the inflation gas for structural stability.?*® Simpson et al.
demonstrated ground-based and high-altitude curing of a rigidizable inflatable wing
using solar-derived UV radiation?**2*" The inflatable, rigidizable UAV wings
cured on the order of minutes and were subsequently vented to the atmosphere to
demonstrate their structural integrity.?*® Flexible UV LED arrays have been
investigated as an alternative to solar-derived radiation and decreased the cure time
to 30 s.2* However, this is still too slow for projectile applications, so reactive
inflation gas curing might be the preferred method in this case.

The flexible nature of inflatable airfoils have enabled morphing concepts to be
applied such as twisting and camber morphing.?3%2*246247 Simpson et al. used
high-torque servos and SMAs to morph an inflatable wing. While the servos could
morph the wing considerably, they added rigid components that could hinder
packaging while the SMAs produced only 3° twist.24¢-23
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Inflatable structures are attractive for projectiles because of their small storage and
large overall shape change; however, they are greatly limited by their load carrying
capacity. The “walls” of the inflated spare act like an I-beam carrying the wing
load, but as the loading increases, the inflation pressure can no longer maintain the
“I” shape, which begins to buckle, resulting in exponentially decreasing strength
and stiffness. This has led to thicker, less efficient, exclusively subsonic airfoils for
projectile applications. A hybrid concept may be more appropriate, wherein a rigid
material supports the load and the inflatable structure maintains the aerodynamic
profile thus exchanging packing efficiency for load capacity.

10. Pressurized Artificial Muscles

The actuators highlighted in this section have been called many things in the
literature: McKibben actuators, pneumatic/pressurized artificial muscles, rubber
muscle actuator, fluid actuator, fluid-driven tension actuator, rubbertuator, tension
actuator, axially contractible actuator, braided artificial muscle, fluidic muscle, and
flexible matrix composite (FMC) structures. FMCs have also been used to describe
anisotropic skin composite made of unidirectional fibers imbedded in an elastomer
matrix.?*1?32 For simplicity, all actuators will hereafter be referred to as pressurized
artificial muscles (PAMs), as this term can be applied to both pneumatic and
hydraulic applications. PAMs are contractile actuators consisting of an elastomer
liner surrounded by high-tensile-strength fibers. As a working fluid pressurizes the
PAM, the elastomer expands radially and the fibers transfer the radial expansion to
tension. These actuators have many benefits, such as low-cost manufacturing, high
force-to-weight ratio, moderate bandwidth, soft and compliant, chemical and
thermal resistance, lack of moving parts, misalignment tolerance, and strains up to
40%.%% Some of the drawback are reduced service life due to fiber friction,
nonlinear response, and hysteresis.

PAMs were first patented in 1940 as a method for breaking down coal,?** but it was
not until 1949 that they were patented as actuators.?>> The Bridgestone Corporation
patented and commercialized their PAM for robotic arms in 1986.2¢257 The
Shadow Robot Company incorporated 40 PAMs into a commercially available
dexterous robotic hand.?**?%° Festo?**?¢!addressed the cycle life problem of PAMs
by embedding the braided sleeve in the elastomer membrane such that the fibers
never interfere, thus reducing wear, friction, and heat. These PAMs have a service
life of 100,000-10,000,000 cycles and cycle rates up to 150 Hz for vibratory
applications. 226!

Pleated PAMs (PPAMs), shown in Fig. 12, consist of axially oriented fibers
eliminating fiber interactions, reducing operating pressure, and increasing
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deflection up to 40% by taking advantage of the unfurling pleats.?> Antagonistic
pairs of PPAM actuators have been used for movement and stiffness control of
robotic joints.?*> A single long PPAM can be segmented by retention rings to limit
radial expansion with a slight decrease in deflection but without compromising
force.?642% Nonpleated PAMs with straight fibers have also been investigated and

show similar improvements.?¢-26% Researchers in Japan addressed the contraction

limitations of straight-fiber PAMs by using four pairs of actuators in series to
h.269

maximize the contraction per unit lengt

Fig. 12 PPAM in relaxed and contracted states (Reprinted with permission from Verrelst
et al.263)

PAMs have been incorporated into morphing wing sections, resulting in leading-
and trailing-edge deformations of 14° and 13°, respectively, at 40 psi, generating a
150-1b blocking force.?’® Others have investigated PAMs for actuating a span-wise
morphing truss'®»23? as well as using two antagonistic pairs for conventional flap
actuation. At 0.1 Hz, £40° was achievable but dropped to +5° at 25 Hz due to
insufficient flow rates in the system.?’! Further refinement demonstrated +20° flap
deflection up to 24 Hz.?> A similar approach was applied to flap control of a rotor

blade with high control authority observed up to 35 Hz.>?

Building on the work of Chou and Hannaford,?”® Davis et al. modeled PAMs as
analogous to electrical systems, wherein valves and piping were modeled as
resistors, actuator volume corresponded to capacitance, and mass flow rate
corresponded to current.?’”* This led to a novel revelation that PAM bandwidth
could be improved by incorporating a filler to decrease PAM volume without
sacrificing force. Granular, solid, and liquid fillers were investigated with peak
bandwidth increases of 50%, 250%, and nearly 400%, respectively.?’*

Approved for public release; distribution is unlimited.

23



Multiple PAMs can also be incorporated to form anisotropic actuated panels that
can contract, bend, and twist. PAMs embedded in an elastomer matrix store some
of the strain energy in the matrix, which negatively affects overall force and, to a
lesser extent, displacement.?”> Complex behavior such as bending and twisting is
possible with multiple rows and columns.?’*2"® Peel et al. manufactured and
validated a 2 x 4 PAM panel demonstrating their morphing potential, as shown in
Fig. 13a.?”’ Panels with rigid reinforcements selectively applied to one side
increased the overall bending effectiveness (Fig. 13b).2%¢

~(b)

Fig. 13 a) Clockwise from top left: contraction, out-of-plane bending, twisting, in-plane
bending, and b) PAM reinforced for bending (Reprinted with permission from Peel et al.”)

Self-sensing PAMs have been made by incorporating continuous insulated copper
wire into the braid,?*” eutectic gallium indium (eGaln) microchannels,”®' and DEs

as a capacitive sensor, 282283

Another unique property of PAMs is their variable stiffness capabilities. PAMs
with valve control have demonstrated modulus ratios up to 56 times with ratios over
100 being theoretically possible.?%

High force, moderate deflection, and moderate bandwidth make PAMs attractive
for projectiles. The hysteresis and nonlinear response can be addressed through
feedback mechanisms. A set of PAMs could be used as the actuator in a supersonic
bending body projectile concept currently being researched.?®>2% PAMs would
have an advantage over piezoelectric actuators in this case because of the increased
deflection. A wing containing a matrix of PAMs similar to Fig. 13 is also interesting
because the wing could be wrapped around the body, rigidized in flight, and morph
in several way.

11. Soft Actuators

The emerging field of soft robotics offers new techniques that could be exploited
for airframe morphing. Elastomeric actuators come in several forms, including the
PAMs discussed previously, but actuators in this section are not limited to uniform
braided sleeves or pure contraction. Many of the attributes of soft robotic actuators,
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such as low cost, high compliance, high deflection, high force-to-weight ratio,
variable stiffness, and ease of manufacturing and implementation, are attractive for
precision munitions. The primary drawbacks with all fluid-driven actuators are
g-hardening of the pneumatic or hydraulic system and the added complexity of such
systems. However, the actuators themselves would likely perform well in a shock
environment because of their compliant nature.

Researchers at University of Michigan combined multiple fiber layers into one
actuator to achieve a greater range of motion, including extension, contraction,
twisting, bending, spiraling, or a mixture of these (Fig. 14).2872% The design of
these actuators was simplified by using a motion predicting tool without the need
for finite-element analysis.?® When combined in parallel configurations, an even
wider range of programmable motion can be achieved.?’®®! If a single family of
same-handed helical fibers is used, the actuator contracts and twists.?’? Faudzi
et al. combined different braid angles on each hemisphere of a cylindrical soft
actuator to produce different degrees of bending.?*> Others used conformal sleeves

to mechanically program the output response of soft actuators.?**

Fig. 14 (top) Multilayered soft actuator; (middle) contracting, extending, spinning, bending,
twisting, and spiraling motion as a result of different fiber orientations; and (bottom) resulting
motion from three such actuators in parallel (gray actuators are at rest). (Reprinted from Kota
[2014]; image courtesy of Bryan Christie Design)
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Another class of soft actuators, called pneumatic networks (PneuNets), uses
interconnected networks of inflatable channels combined with an inextensible,
shear-limiting layer resulting in bending when pressurized. If two actuators are used
in an antagonistic configuration, it could be useful for bidirectional camber
morphing.

Mosadegh et al. showed how inflation rate, morphology, and material properties
impact bandwidth performance and were able to achieve full actuation in 50 ms at
345 kPa. A 4-Hz actuation frequency was demonstrated including a 200-ms venting
period between cycles.?’>*¢ Pleated, 3-D printed PneuNet was able to sweep
approximately 180° with a period less than 70 ms (>14 Hz).*®’ This kind of
bandwidth is within the range necessary for active control of precision munitions.
Faster actuation has been achieved by combusting the inflation gas within the soft
actuator.?’®*% However, control of the intermediate shapes and velocities would
be required for most morphing applications.

An origami approach to folding soft pneumatic membranes can achieve a wide
range of motions and anisotropic responses as well as lift loads up to 120 times the
actuator weight. Metal foil can act as the shear-limiting layer, creating electrical
circuits within the actuator.>°! Copper tape was used in conjunction with eGaln to
determine the shape and surface deformation of elastomer membranes.>%?

Miniature soft actuators are of particular interest to projectile designers given the
relatively small size of projectiles. A 2-mm-wide miniature PneuNet used positive
and negative pressures to achieved bidirectional actuation.’®® Likewise,
fiber-reinforced actuators as small as 1 mm used three independently actuated
internal chambers for pitch, yaw, and extension.>*

The force of soft actuators is regulated by the operating pressure, while bandwidth
is regulated by the flow rate, valve speed, and distance. While soft actuators are a
new field of research, there are applications to projectiles. Camber morphing with
variable stiffness can be achieved using two antagonistic pairs of PneuNets shaped
like a trailing edge. Furthermore, the actuators in Fig. 14 could be used as a
rigidizable spar capable of omnidirectional bending.

11. Conclusion

This survey report analyzed the literature on smart materials, morphology-
dependent structures, and fluid-driven actuators such as SMAs, piezoelectric
actuators, MFCs, active polymers, compliant structures, periodic cellular
structures, bistable composites, inflatable structures, PAMs, and soft actuators as
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well as their applications to projectiles. Some munition examples existed with
promising results but have yet to be fielded.

Upon review, these technologies can be classified into two categories based on their
applicability to projectile morphing: primary actuators and augmenting
technologies. Primary actuators are those that have the deflection, force, and
bandwidth to drive a specific morphing mode, while augmenting technologies can
enhance the performance of the system but lack the requirements of a primary
actuator. Airfoil profile morphing has low actuator demands because of the
deceleration time between Mach regimes. Similarly, spanwise and chordwise
morphing have low-bandwidth requirements, but large changes in span are
desirable for range extension. The deceleration during flight reduces the aero loads
and allows for these large changes without inducing aeroelastic instabilities.
Camber morphing and twisting have the highest requirements, as this is the primary
maneuver method. Sweep can be changed slowly across Mach regimes, but with a
higher-bandwidth actuator, sweep could be used for improved maneuverability.

SMAs have high force but low displacement and bandwidth. Therefore, they can
only be used as a primary actuator for profile morphing or—with a long enough
element—spanwise, chordwise, or sweep morphing. SMAs lack the required
bandwidth for camber morphing for most projectile applications. Active cooling
such as liquid immersion or thermoelectric cooling are impractical, but thin-film
SMAs with sufficiently low thermal mass might be applicable to small-caliber
projectiles; however, the bandwidth demands increase for these typically
spin-stabilized rounds. SMAs could be incorporated into composites for hypersonic
vehicles, but the transient response could prove problematic. Thermoregulation is
key if this concept were to be attempted because SMAs lose their memory at high
temperatures.

Piezoelectric actuators have been used in munitions, some of which have been
shock qualified up to 17,700 g’s. The high bandwidth and blocking force is what
makes them attractive, but clever amplification schemes are required to make them
usable for most projectile applications. Their brittleness poses a challenge during
gun launch as well as the long length required to generate modest deflections.
However, these remain one of the most attractive primary actuator technologies
discussed in this report and continue to be investigated for projectile applications.

MFCs have been thoroughly investigated for use in projectiles and have been found
wanting due to a lack of actuator authority. However, they still might be able to
augment other systems by adding some small displacement, augmenting stiftness,
or triggering snap-through instabilities. The ease of implantation, use, and high
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bandwidth are still attractive properties, but MFCs should not be considered a
primary actuator for projectile concepts.

The low force, bandwidth, and robustness of active polymer materials limit their
application in projectiles; however, their high strain potential makes them good
candidates for airfoil skins. One of the best opportunities is augmenting soft
actuators or PAM concepts to increase modulus ratios and variable stiffness
properties. If placed selectively, these materials can augment individual regions
within pneumatic networks, PAMs, cellular structures, or compliant mechanisms.
One of the benefits of active polymers is their RF transparency, which will enhance
the projectiles’ stealth capabilities. However, thermal cycling in a storage bunker
could limit shelf life.

Compliant structures are very attractive because their bandwidth, deflection, and
force are limited by the driving actuator and material selection. Cost could be a
limiting factor, but additive manufacturing technologies could help in this regard.
The morphing flaps developed by NASA, AFRL, and FlexSys, Inc., are
encouraging, but would need to be much faster and smaller for projectile
applications. Compliant structures could be useful for passive profile morphing
between supersonic and subsonic Mach regimes as the aero loads differ greatly and
the required deflection is small. They are poor candidates where very large
deflections are desired, such as spanwise morphing, but they could work for
sweeping wings, as the angular deflections are relatively small. Their monolithic
nature presents fewer survivability problems than similar linkage-based structures.

Periodic cellular structures are attractive because they are capable of very large
global strains without exceeding local material limits. ZPR structures specifically
are very useful because of their 1-D response, particularly for hybrid concepts such
as a spanwise morphing ZPR structure with morphing rib segments. One of their
best uses for projectiles is as a skin support. Structures incorporating inflatable
tubes are also attractive due to their high load-carrying potential and variable
stiffness as well as, if selectively actuated, profile morphing potential. Bistable or
multistable cellular structures are an interesting technology for projectiles that do
not re-enter higher Mach regimes postapogee, as the bistable structure can generate
large deformations having to return to its original shape. Bandwidth of cellular
structures appears dependent on the driving actuator.

Bistable composites could be used as a primary actuator or to enhance the
packaging of other airfoil concepts, particularly using coiled configurations given
the constraints imposed by gun barrels. If combined with an inflatable structure, a
coiled bistable structure could provide support and space-efficient storage. One of
their drawbacks as a primary actuator is their inability to control intermediate

Approved for public release; distribution is unlimited.

28



shapes; however, their high bandwidth and force can be released if provided enough
activation energy. Concepts where a bistable composite airfoil can quickly toggle
between positive and negative camber could result in high maneuverability by
quickly inverting the sign of the lift vector, but an additional neutral camber angle
would be more desirable to minimize unnecessary drag. Other useful concepts
include sequentially increasing span as the projectile decelerates or snapping
between different airfoil profiles. Bistable composites could be useful in deploying
super-caliber surfaces at launch, wherein gun launch provides the activation energy
released at muzzle exit. Moisture and temperature dependency are of particular
concern for projectiles, as they are typically stored for up to decades at a time.
However, temperature-dependent stability might be exploited for shape
optimization between hypersonic and high-supersonic Mach regimes where large
temperature variations exist.

Inflatable airfoils are attractive due to their packing efficiency, low radar cross
section, and extreme shape changes but are limited by their web strength. Other
drawbacks include the need for a gas generator or storage tank, but it might be
possible to capture and reuse the propellant gas at launch. The high temperature
could damage the membrane but the corrosive nature of these gases are not a major
concern given the time of flight. A full pneumatics system is not required because
the wings are only inflated once. While inflatable airfoils have been applied to
subsonic projectiles, the wings will perform worse at higher Mach numbers and
loads, as airfoil thickness increases with load. A hybrid concept might be more
appropriate where a rigid or rigidizable material replaces the web supporting the
wing load while the inflation gas maintains the airfoil profile. This limits the space-
saving benefits but should be able to sustain higher loads, reduce the reliance on
the inflation gas, and enable thinner, more-efficient airfoils. Since projectiles are
typically operating at higher airspeeds than those presented, flow-induced vibration
could pose a major challenge in incorporating inflatable structures into munitions.
Rigidizable airfoil concepts are only applicable to projectiles with long flights and
would probably need to rigidize on the order of seconds to be effective.

PAMs are attractive due to their very high force and deflection. The primary
downside is the need for a g-hardened pneumatic or hydraulic system, which adds
an additional system not typically used on precision-guided projectiles. The
bandwidth of PAMs is dependent on the flow rate through the system that is in turn
dependent on orifice size, distance, PAM material, and pressure. Bandwidths higher
than 10 Hz have been reported in the literature, sufficient for active control of most
projectiles. PAM panels are an attractive concept, as the entire wing can be wrapped
around the body, minimizing the space claim and then rigidized in flight. PAMs
can also be used as a variable stiffness spar as part of a hybrid design.
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The field of soft robotics is young but shows promise as primary actuators for
projectile applications. The soft, compliant nature of the actuators will probably
survive under high-g accelerations if sufficiently restrained to prevent tearing. They
can also be squeezed into irregularly shaped cavities, which provides more options
for projectile designers. If these fluid-driven actuators can modulate their internal
pressure they can modulate their stiffness, which is particularly attractive for
projectiles transitioning through several Mach regimes. Soft actuators benefit from
high displacement and blocking force, which scales with pressure. The high
force-to-weight ratios of these actuators could prove useful as inflatable spars
capable of omnidirectional bending or wing tip actuation. The primary drawbacks
are the requirement for a g-hardened pneumatics system and the actuators’
bandwidth, which is dependent on orifice size, pressure, solenoid speed, distance,
and material selection. However, acceptable bandwidths have been found in the
literature. The elastomer materials used have a low radar cross section, which
enhances the survivability of the munition against CRAM threats and makes it
harder to detect by potentially evasive targets.

Overall, all the technologies investigated could be useful for next-generation
morphing projectiles in some fashion. These concepts present a radical
transformation in projectile capabilities with the potential to revolutionize the way
projectiles are used in the battlefield. Further research will be needed to explore the
more promising concepts, but the best opportunities might lie in hybrid concepts
that can take advantage of the unique benefits of each technology.
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